The cardiovascular system is the first system that is developed in the embryo. The cardiovascular development is a complex process involving the coordination, differentiation, and interaction of distinct cell lineages to form the heart and the diverse array of arteries, veins, and capillaries required to supply oxygen and nutrients to all tissues. Embryonic stem cells have been proposed as an interesting model system to investigate molecular and cellular mechanisms involved in mammalian development. The present review is focused on extrinsic soluble factors, intrinsic transcription factors, receptors, signal transduction pathways, and genes regulating the development of cardiovascular system in vivo and in vitro. Special emphasis has been given to cardiovascular genomics including gene expression studies on the cardiovascular system under developmental and pathophysiological conditions.
Introduction
The heart is the first organ to form and function in the vertebrate embryo. Formation of the heart begins, when cells within bilaterally symmetrical regions of the anterior lateral plate mesoderm become committed to a cardiogenic fate in response to inductive signals from adjacent endoderm (reviewed in ref. 1) . Cardiogenic precursor cells from this region, are known as the cardiac crescent that converge along the ventral midline of the embryo to form a beating linear heart tube made up of distinct myocardial and endocardial layers separated by an extracellular matrix. In all vertebrates, the linear heart tube undergoes rightward looping, which is essential for proper orientation of the pulmonary (right) and systemic (left) ventricles, and for alignment of the heart chambers with the vasculature. Analysis of the molecules and mechanisms involved in derivatives of three primitive germ layers (7) . In vitro studies with ES cell-derived-embryoid bodies have revealed a tightly regulated program of cardiomyogenesis that is triggered by specific signaling molecules and mediated by tissue-specific transcription factors (8, 9) . This program involves the specification of cardiomyocytes from mesodermal stem cells and the subsequent activation of genes involved in cardiac force generation. During embryoid body differentiation toward functional cardiomyocytes, a number of transcription factors such as GATA-4, dHAND, eHAND, and Nkx2.5 play a critical role in early cardiac differentiation (8) (9) (10) . Vascularization of organs and tissues proceeds by two related but distinct processes: vasculogenesis and angiogenesis (11) . In vasculogenesis, primitive blood vessels develop from endothelial progenitor cells (angioblasts)-derivatives of embryonic and extraembryonic mesoderm, which differentiate and assemble into cord-like vascular structures that further organize into a primary vascular network. This process is involved in the development of the embryonic vascular system, including the dorsal aorta, the heart endocardium, and yolk sac (12, 13) . Angiogenesis corresponds to the formation of new blood vessels from the pre-existing blood vasculature by the sprouting, splitting, and remodeling of the vascular network. In the adult, a neovascularization response occurs in a variety of physiological and pathological settings, including wound healing, recovery from myocardial infarction, inflammation-related diseases, solid tumor growth, and tumor metastasis. Although major progress has been made, molecular mechanisms involved in the regulation of both vasculogenic and angiogenic responses remain unclear. Therefore, there is a need for an in vitro model system that fully recapitulates spatio-temporal events involved during blood vessel formation.
Transcription Factors Involved in Cardiogenesis

GATA Proteins
The family of transcription factors are among the first to be expressed in the developing heart. The family consists of six members, GATA-1 through GATA-6, which is subdivided into two sub families based on sequence similarity and expression profiles. GATA-1, GATA-2, and GATA-3 are involved in haematopoiesis and ectodermal patterning, whereas GATA-4, GATA-5, and GATA-6 function in the formation of mesodermal and endodermal derivatives such as heart, liver, gut, and gonads (14, 15) . A characteristic feature of GATA factors is the presence of two conserved zinc-finger motifs (referred to as N-and C-terminal zinc fingers), containing the consensus amino acid sequence CysX 2 CysX 17 CysX 2 Cys (16). The zinc fingers mediate factor binding to the consensus DNA sequence (A/T)GATA(A/G) within target gene promoters and enhancers, as well as protein-protein interactions (14) .
GATA-4 has been shown to be essential for cardiac differentiation in the embryonal carcinoma cell line P-19, a cell line induced to form beating cardiomyocytes by the addition of dimethylsulfoxide (DMSO) (17, 18) . In mice, GATA-4 is one of the earliest transcription factors expressed in developing cardiac cells (19) . Abundant levels of GATA-4 mRNA are present in both the endocardium and myocardium of the folding heart tube and GATA-4 continues to be expressed in cardiac myocytes throughout the life (19, 20) . Targeted disruption of GATA-4 in transgenic mice results in embryonic lethality due to the failure to form a ventrally fused heart tube, thus indicating an important role of GATA-4 in transcriptional regulation during cardiac morphogenesis (21, 22) . Moreover, overexpression of GATA-4 or GATA-6 in ES cells has been shown to induce differentiation toward extraembryonic endoderm (23) . Functional knockout experiments with GATA-4 in mouse, GATA-5 in zebrafish, and simultaneous knockdown experiments with GATA-4 and GATA -6 in chick show early heart defects including the lack of fusion of the bilateral heart primordia (cardia bifida), decrease of Nkx2.5 expression, and a reduction in the number of cardiomyocytes expressing myocardial differentiation genes (21) (22) (23) (24) (25) . Recent analyzes in chick using small interfering RNAs targeted to GATA-4 implicate the loss of N-Cadherin as a potential cause of cardia bifida (26) . In mouse, null mutations in GATA-5 cause no obvious cardiac defects, whereas in zebrafish a GATA-5 mutant has a cardia bifida phenotype similar to GATA-4 null mice (25) . Interestingly, overexpression of GATA-5 in zebrafish embryos leads not only to increased expression of Nkx2.5, GATA-4, and GATA-6, and myocardial genes in cardiac tissue, but also induced ectopic expression of some genes in noncardiac tissues. Likewise, overexpression of GATA-4 in ES cells shows enhanced cardiac differentiation (17) . At present, the role of GATA-6 has not been fully studied owing to the fact that GATA-6 -/-embryos die soon after implantation (27) . Gain-of-function experiments in Xenopus embryos suggest a role of GATA-6 in cardiogenesis (28) . More recent loss-of-function experiments in Xenopus and zebrafish, with the use of antisense morpholino oligonucleotides show for the first time that GATA-6 is required for differentiation of the cardiac lineage during embryogenesis (29) . Several studies show that GATA-4 and Nkx2.5 directly interact at protein level to regulate the expression of cardiac-specific promoters, the atrial natriuretic factor, α-cardiac actin and cardiac-restricted ankyrin repeat protein (CARP) (30) .
Homeodomain Proteins
In Drosophila, the Nk-type homeobox gene tinman is the first regulatory gene known to be expressed in the precardiac mesoderm and to function in specifying cardiac precursors (31 (33, 34) . The homeodomain of Csx/Nkx2.5 has a helix-turn-helix motif that binds to the specific consensus DNA sequence T(C/T)AAGTG (35) . Targeted disruption of Nkx2.5 in transgenic mice results in embryonic lethality owing to the abnormal heart morphogenesis and growth retardation (36) . In these mice, the expression of MLC-2V, the earliest known marker of ventricular differentiation is absent, whereas the expression of β-MyHC and cyclin D2 remains normal. However, transgenic mice overexpressing Csx/Nkx2.5 under the control of the cytomegalovirus enhancer/chicken β-actin promoter exhibit normal-sized hearts, but the expression levels of cardiac genes such as atrial natriuretic peptide, brain natriuretic peptide, MLC-2V, and CARP are upregulated, whereas the expression level of GATA-4 remains unaltered (37) . These gain-of-function studies suggest that Nkx2.5 is not sufficient for the generation of cardiac hypertrophy but functions to control cardiac gene program in adult as well as in embryonic hearts. In mouse, the Nkx2.6 gene is expressed in addition to Nkx2.5 in the heart (38) . The heart defects in the case of double mutant Nkx2.5/Nkx2.6 embryos are only slightly more severe than those observed in single mutants Nkx2.5 (39) . These results explain that there is only limited redundancy among Nkx2 genes in early cardiogenic tissue.
MADS Box Genes
The MADS (indicating MCM1, agamous, deficiens, and SRF) family of transcription factors share a conserved DNAbinding domain (MADS box). The targeted disruption of the serum response factor (SRF) gene in mice reveal that this member of the MADS domain family of proteins is critical for the development of cardiac mesoderm (40) . SRF physically interacts with GATA-4 or Nkx2.5 and results in strong transcriptional activation of the atrial natriuretic factor and α-actin genes through a serum response element (30) . SRF is negatively regulated by a small homeobox gene, Hop, which has a divergent homeodomain and is unable to bind to DNA (41, 42) . The Nkx2.5 regulates the expression of Hop, and mice homozygous for a Hop null allele exhibit different phenotypes: some mutants develop early lethality owing to a deficiency in myocyte proliferation, whereas the majority of null mutants develop a hyperplastic heart postnatally. Therefore, Hop modulates SRF activity, which is important to balance signaling inputs that induces growth and differentiation in the myocardium.
The myocyte enhancer factor (MEF) 2 is another member of MADS box transcription factors, which binds to a conserved ATrich DNA sequence [CAT(A/T) 4 TAG/A] associated with most structural genes of cardiac muscle (43) . They are expressed in cardiogenic precursor cells and differentiated cardiomyocytes during embryogenesis (44) . In vertebrates, four MEF2 genes (MEF2-A, MEF2-B, MEF2-C, and MEF2-D) share homology in NH 2 -terminal MADS box and an adjacent motif known as the MEF2 domain (45) . In mice, the four MEF2 genes are expressed in precursors of cardiac, skeletal, and smooth muscle lineages as well as in other cell types. A targeted mutation in the MEF2-C gene leads to arrested cardiac looping and right ventricular formation and downregulation of cardiac-specific genes similar to dHAND or Nkx2.5 mutants (46) . In Drosophila, only a single MEF2 gene, DMEF2 is expressed in the precursor of myogenic lineages and their descendants. In DMEF2 null mutants, the early myogenic differentiation seems to be normal but correct myogenic differentiation of the heart does not occur (47, 48) .
Angiogenesis and Vasculogenesis
The formation of the vascular network in the embryo is mediated by two distinct mechanisms, vasculogenesis and angiogenesis. The molecular regulation of these distinct mechanisms involves the most important positive regulators such as vascular endothelial growth factor (VEGF) and its receptors, and the angiopoietin/Tie system. Intense investigation into the molecular mechanisms of angiogenesis has identified novel signaling pathways involved in the generation of new vasculature. These insights range from elucidation of the mechanism, by which hypoxia initiates expression of a proangiogenic gene repertoire through the hypoxia-inducible transcription factors to molecular pathways involved in extra-and intracellular signaling during new vessel formation. Extracellular pathways include the Ephrin/Eph receptor, Notch/delta and roundabout/slit families, and intracellular pathway members of hedgehog and sprouty families (49) .
Vascular Endothelial Growth Factor
VEGF is a key regulator of physiological angiogenesis during embryogenesis, skeletal growth, and reproductive functions. VEGF has also been implicated in pathological angiogenesis associated with tumors and intraocular neovascular syndromes. The VEGF family consists several members including VEGF, placenta growth factor (PlGF), VEGF-B, VEGF-C, VEGF-D, and Orf virus VEGFs (also called VEGF-E) (50) (51) (52) . Three receptors for the VEGFs have been identified. In adults, VEGFR-1 (flt-1) and VEGFR-2 (KDR/flk-1) are mainly expressed in the blood vascular endothelium, whereas VEGFR-3 (flt-4) is highly restricted to the lymphatic endothelium (53) (54) (55) (56) (57) . VEGF receptors belong to the "7-Ig" or flt family, a gene family characterized by seven extracellular immunoglobulin-like domains, one membrane-spanning segment, and a conserved intracellular tyrosine domain (58, 59) . In human, alternative exon splicing of a single gene results in the generation of six isoforms of VEGF made up of 121, 145, 165, 183, 189, and 206 amino acids, respectively, among which VEGF 165 is the predominantly expressed isoform (54, 60, 61) . These isoforms differ primarily in heparin binding, which might affect their diffusion rates in the extracellular matrix. VEGF (also called VEGF-A) binds two related receptor tyrosine kinases (RTKs), VEGFR-1 and VEGFR-2. The VEGFR-3, a member of the same RTK family does not bind VEGF, but rather complexes VEGF-related proteins VEGF-C and VEGF-D. Recently neuropilin-1 (NRP-1), a cell surface glycoprotein that acts as a receptor for collapsins/semaphorins, which is implicated in axonal guidance, has been identified as an isoform-specific receptor for VEGF 165 , PlGF-2, VEGF-B, and Orf virus VEGFs (62) (63) (64) (65) .
Disruption of VEGF or either of its two receptors VEGFR-1 and VEGFR-2 results in early embryonic lethality because of a failure of blood vessel development (51, 52, 66) . VEGF plays an important role also in early postnatal life (67) . Partial inhibition of VEGF achieved by Cre-loxp-mediated gene targeting results in increased mortality, stunted body growth, and impaired organ development. In mouse embryos with targeted null mutations of VEGFR-2, differentiation of both endothelial and haematopoietic cells are blocked, resulting in a complete failure of vasculogenesis (68) . Targeted inactivation of the gene encoding VEGFR-3 leads to a defect in remodeling of the primary vascular plexus and cardiovascular failure at embryonic day 9.5 (69) . This result suggests that VEGFR-3 signaling is necessary for the development of the embryonic cardiovascular system. Other VEGF-binding proteins, such as NRP-1 seem to be involved in the regulation of angiogenesis during development. NRP-1 overexpression in mice results in the formation of a high density of dilated blood vessels and death in utero (70) . Furthermore, NRP-1 deficient mice exhibit disrupted blood vessels and insufficient development of vascular networks (71) .
Angiopoietin/Tie Receptors
Four members of the angiopoietin family have been identified to date that binds Tie family receptors. Angiopoietins and Tie receptor have been reported to play an important role in angiogenesis. Interestingly, these ligands appear to have opposing actions in endothelial cells as angiopoietin (Ang)-1 and Ang-4 induce tyrosine phosphorylation of Tie-2, whereas Ang-2 and Ang-3 inhibit this phosphorylation (72) (73) (74) (75) . Additionally, Ang-1 is chemotactic for endothelial cells, but does not cause endothelial cell proliferation or tube formation in vitro (72, 76) . Targeted gene inactivation of Ang-1 causes embryonic lethality owing to the defective modeling of primitive vascular plexus and lack of perivascular cells, similar to Tie-2 knockout mice (77) . The most severe defects are in the heart, where endocardial and trabecular development is notably impaired. The heart trabeculation phenotype indicates that Ang-1 and Tie-2 are involved in the recruitment of perivascular cells and is required for the maturation of blood vessels during embryonic development. Overexpression of Ang-1 in transgenic mice induces numerous highly branched and enlarged blood vessels compared with wild-type mice (78) . Moreover, Ang-1 also stimulates the formation of endothelial cell sprouts in vitro, and it acts synergistically with VEGF in this assay (79) . Therefore, it is likely that Ang-1 and VEGF cooperate to stimulate capillaries sprouting in the developing organisms.
Ang-2 has a 60% structural homology to Ang-1. Therefore, Ang-2 acts as an antagonist of Tie-2 through inhibition of Ang-1-induced phosphorylation of Tie-2. Mice that overexpress the Ang-2 ligand exhibit a phenotype similar to those observed in Tie-2 or Ang-1-deficient mice (73) . Therefore, Ang-2 antagonises Ang-1 in the vasculature in vivo, thus preventing excessive branching and sprouting of blood vessels by promoting destabilization of blood vessels.
One type of RTK is the tyrosine with immunoglobulin and epidermal growth factor homology domains (Tie) receptors (80, 81) . Tie-2/Tek is expressed predominantly on endothelial cells, haematopoietic cells, or their embryonic precursors and it is required for normal vascular development (82) . Functional disruption of Tie-2 in transgenic mice results in early embryonic lethality, with effects on the microvasculature resulting in reduced number of endothelial cells, and abnormalities of vascular morphogenesis and haematopoiesis (82) . Thus, Tie-2 is critical for angiogenesis and haematopoiesis during development.
Eph/Ephrin
Eph receptors belong to the largest known family of RTKs consisting of at least 14 membrane-bound proteins, and eight transmembrane ligands (ephrins) have been identified (83) . Their expression is not restricted to endothelium, but widely expressed in many embryonic and adult tissues. The ephrin ligands are divided into A and B type molecules based on their localization in the plasma membrane. Several Ephrins and Eph receptors have been shown to be present directly on the vascular endothelium, among which ephrin A1, appears to play a role in the inflammatory angiogenesis stimulated by tumor necrosis factor (TNF)-α (84), and ephrin B1, promotes endothelial capillarylike assembly and attachment in vivo (85) . Ephrin B2 and the Eph receptors Eph B3 and Eph B4 are also known to be present in vascular endothelium. Interesting studies on mice lacking Ephrin B2 and eph B4 highlighted defects on early on early angiogenic remodeling comparable with the Ang-1-or Tie-2-deficient mouse (86) (87) (88) . Ephrin B2 expression continues to mark arteries during later embryonic development and in the adult, underlying that it might be involved in the regulating interactions of endothelial and smooth muscle cells implicated in the formation of arterial muscle walls.
Notch/Delta
Notch signaling is an evolutionarily conserved intercellular signaling pathway that plays a key role in embryonic vascular development and angiogenesis. Four notch receptors (Notch1-4) and five DSL (named for Delta and serrate from Drosophila and Lag-2 from Caenorhabditis elegans) ligands (jagged1 and 2, delta-like1 (DLL1, DLL3, and DLL4) have been described in mammals (89) . All the receptors and ligands are expressed in at least one vascular compartment, for example, arteries, veins, capillaries, and vascular smooth muscle cells or pericytes. However, the expression of Notch4 is specific to arterial blood vessels (90) , whereas the other receptors are widely expressed in several cell types and tissues. Similarly, the ligand DLL4 is endothelial specific (91, 92) . In human, mutations in jagged1 and Notch3 genes cause the autosomaldominant disorders, Alagille's syndrome and CADASIL (Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy), respectively, and both display abnormal vascular phenotypes (93) . Haploinsufficiency of DLL4 results in embryonic lethality in mice owing to severe vascular defects (94) . The only other angiogenic pathway, for which haploinsufficiency is reported is for VEGF knockout mice. Activation of the Notch pathway by jagged1, N1ICD, and N4ICD inhibited proliferation of human umbilical vein endothelial cells (HUVECs) and human aortic endothelial cells (HAECs) (95), whereas jagged1 was able to induce microvessel-like structures in vitro. Overexpression of the dominant-negative form of jagged1 (sjag1) in HUVEC inhibited the endothelial network formation. However, addition of a jagged1 oligonucleotide to bovine microvascular endothelial cells increased invasion and tube formation during fibroblast growth factor-induced angiogenesis. Thus, although Notch has critical roles in vivo in the embryonic vascular development, in vitro it appears that function of the notch pathway in endothelial cells is dependent on the endothelial type and activation of notch signaling is likely to inhibit endothelial proliferation.
Sprouty and Angiogenesis
Sprouty (Spry) was first identified in Drosophila as a novel antagonist of the fibroblast growth factor signaling during tracheal development. In Drosophila, sprouty is expressed at the apical branches of the tracheal system, in the eye imaginal disk, the embryonic chordotonal organ precursors and in midline glia (96) (97) (98) . The sprouty proteins define a new family of putative signaling modulators. Up to now, one Drosophila, one Xenopus, one avian (chick Spry2), three mouse isoforms (mSpry1, 2, and 4) and four human sprouty isoforms (hSpry1-4) have been identified. Sprouty proteins have a highly conserved C-terminal cysteine-rich domain which confers inhibitory activity and a variable N-terminal region responsible for functional divergence (99, 100) . Mouse homologs of sprouty (mSpry1, 2, and 4) are expressed in embryonic and adult tissues such as brain, heart, kidney, lung, limbs, and skeletal muscle (101) (102) (103) . Inhibition of murine Spry2 by antisense oligonucleotides enhances terminal branching of cultured mouse lungs suggesting that sprouty proteins negatively modulate branching morphogenesis in the Drosophila and mouse respiratory systems (103) . Direct evidence for the role of sprouty proteins comes from a study where the mouse Spry4 was overexpressed in the developing endothelium of the mouse embryo using an adenoviral vector (104) . It has been reported that in the embryos overexpressing mSpry4, formation of a network of small and larger vessels and sprouting from existing vessels are disrupted. By whole-mount PECAM staining, it was found that there was disorganized and primitive vascular network in the head, heart, and intersomatic vessels, which clearly indicates that sprouty inhibits branching and sprouting of the vasculature during angiogenesis. It was also observed that overexpression of Spry4 inhibited mitogen-activated protein kinase activation induced by bFGF or VEGF.
Roundabouts and Slits
Roundabout was originally isolated from Drosophila (105) , but other family members were rapidly identified from species including C. elegans, zebrafish, mouse, and human (106) (107) (108) . Roundabouts are large transmembrane receptor proteins with an extracellular domain made up of five immunoglobulin and three fibronectin motifs followed by a long cytoplasmic tail. The roundabout cognate ligands are the slits, of which three are known in human (109) (110) (111) (112) . The slits and roundabouts are involved in axon guidance and neuronal migration, where they mediate a repulsive signal (105, 109) . A computational data mining procedure was used to identify a novel, endothelialspecific gene named as magic roundabout (ROBO4), which showed homology to the axon guidance protein roundabout (ROBO1); (113) . These studies suggest that ROBO4 expression in vitro was detected in endothelial cells and an increased expression was observed in cells exposed to hypoxia. In situ hybridization reveals that the expression of ROBO4 in the adult was restricted exclusively to sites of active angiogenesis, notably tumor vessels. Recently, a soluble chimeric receptor (Robo4fc) including of the Robo4 extracellular domain fused to the fc region of immunoglobulin has been reported to inhibit endothelial cell migration and angiogenesis in vivo (114) . The identity of the Robo4 ligand and the mechanism of Robofc action remain to be determined.
Genomic Analyses
Global gene expression analysis is becoming an important tool to investigate the candidate genes involved in cardiovascular diseases. Cardiovascular diseases like atherosclerosis, coronary artery diseases, hypertension, and stroke, which are genetically complex, involves an interplay of many genetic variations of molecular and biochemical pathways and their interactions with environmental factors. However, the key regulators involved in the onset of diseases remain unidentified. Genomic research has broadened our knowledge in understanding the aspects of cardiovascular function, including molecular signaling, contractile mechanisms and energetics, vascular and myocardial structure and remodeling, and electrical activation and propagation. In recent years, several methods allowing simultaneous analysis of the expression of hundreds to thousands of genes have been developed. Among various methods, microarray hybridization techniques and serial analysis of gene expression (SAGE) have been widely used for studying cardiovascular diseases, which are discussed later.
Serial Analysis of Gene Expression
SAGE is one of the most powerful tools available for global expression profiling at the mRNA level. SAGE analysis relies on two basic principles: (1) short nucleotide sequences (10-14 bp) are sufficient to identify a transcript and (2) short nucleotide sequences or tags are concatenated (linked together) allowing rapid sequencing of multiple transcripts per sequencing reaction (115) . This approach allows the identification of novel sequences and thus stimulates further work for the characterization of new transcripts. The SAGE technique has been successfully used for identifying cell-cycle regulation, apoptosis, and tumor-specific marker genes (116) (117) (118) (119) . In the field of cardiovascular biology, SAGE technique is useful in several areas, which include stem cell biology, cardiovascular development, angiogenesis, atherosclerosis, and lipid regulation. SAGE analysis has been used to define the transcriptomes of P19EC and R1 ES cell lines (120, 121) . New targets in tumor endothelium have been identified by comparing gene libraries constructed from isolated endothelial cells from tumors and normal tissue using SAGE (118) . SAGE studies have also been reported for human hematopoietic stem cells, hyperlipidemic ApoE3-Leiden mice and endothelial cells exposed to atherogenic stimulus (122) (123) (124) . In the future, SAGE could also assist in finding new targets of important transcription factors such as Nkx2.5 in cardiogenesis, where the number of cells might be limited. Also the establishment of an electronic database of cardiovascular SAGE libraries might facilitate efficient data mining by researchers provide new insights in the future. Ultimately, the true measure of success of cardiovascular gene expression studies will be the impact of their discovery on helping focus research on the development of new diagnostic, prognostic and therapeutic tools for the prevention and treatment of cardiovascular diseases in patients.
Microarrays
Complementary DNA Microarrays
For Complementary DNA (cDNA) microarrays, thousands of cDNA clones are individually amplified by PCR and spotted on a solid support, usually on glass slides. cDNA from cells is synthesized using mRNAs from two samples (e.g., control and treated) and labeled with Cy3 and Cy5 fluorescent dyes, respectively. The labeled cDNAs are pooled and hybridized to the same array and scanned for fluorescence with two different excitation wavelengths. Fluorescence intensity data are then analyzed to yield log-transformed ratios between Cy3 and Cy5 in each spot, which, with spotted DNA probes in excess, reflect the relative mRNA expression levels of the corresponding gene in the control and treated samples. For example, genes equally expressed in both control and treated samples will fluoresce with both colors digitally portrayed as yellow. When compared with oligonucleotide arrays, cDNA arrays eliminate the need for the probe design required for oligonucleotide array and also allow the entire genome of the organism to be represented on the array easily, which makes it useful for the analysis of gene expression.
Oligonucleotide Microarrays
Oligonucleotide microarrays are extremely powerful in large-scale studies of gene expression. This technique uses short sequences (25 bp) of DNA to be synthesized as an array. Typically, a transcript of interest (usually related to a gene) is represented by a probe set made up of 11-20 probe pairs of these oligonucleotides. Each probe pair is made up of a perfect match probe, a section of the mRNA molecule of interest, and a mismatch probe, in which the central nucleotide is mutated with the intention of measuring nonspecific binding. The hybridized arrays are then scanned and the results are digitally recorded and are expressed as units of fluorescence intensity. Analysis of the data thus generated demonstrates the patterns of the up-and downregulation of genes and makes possible the identification of signaling networks and diseaserelated modifications. Comparing these patterns and extracting groups of genes with similar expression profiles might suggest roles for uncharacterized transcripts. Also the expression profiles of many genes, when taken together, allow a more accurate and specific classification of diseases. Oligonucleotide arrays possess advantages such as greater hybridization specificity owing to their perfect match/mismatch probe design. This combined with their more specific fluorescence detection (as there are multiple oligonucleotides representing each gene to be studied) make oligonucleotide arrays one of the most powerful techniques for monitoring expression levels of a differentially spliced transcript. However, both cDNA and oligonucleotide arrays are limited by the number of known genes and do not permit the discovery of novel genes.
Numerous investigators have used microarrays and other large-scale profiling technologies such as subtractive hybridization (125, 126) or genecalling (127) to elucidate transcriptional profiles in experimental models of myocardial infarction (128) (129) (130) (131) , myocarditis (132) and various ventricular hypertrophy models (133) (134) (135) .
The number of genes expressed in the cardiovascular system has been estimated to be between 21,000 and 27,000 (136) , and cardiovascular-based cDNAarrays (CardioChips) have been developed as described previously (137) to facilitate the identification of cardiac-specific genetic markers (130) (131) (132) 137) . Using cDNA microarrays, differential gene expression patterns have been identified after myocardial infarction in rodent rat (128, 130, 131) and mouse models (129) . These studies support and complement each other, offering a comprehensive view of the modifications in gene expression that take place in the infarcted cardiac tissue. Upregulation of extracellular matrix genes (including collagens, fibronectin, and osteopontins) is a common finding that accounts for the observed abundance of extracellular matrix proteins. Some actin assembly-regulating proteins such as thymosins, moesin, Arp2/3 are also upregulated, whereas muscle contractile proteins (α-cardiac myosin heavy chain, atrial myosin light chain) are either up-or downregulated (titin, tropomyosin 4, troponin I, and so on) (138) . Several ribosomal proteins and transcription factors, including Egr-1, are upregulated. Atrial natriuretic peptide and brain natriuretic peptide are also increased.
At the cellular level, differential gene expression studies have defined novel endothelial signaling pathways (139) and chemotactic pathways that might participate in atherosclerosis (140) . Atherosclerosis is a multifactorial, progressive disease of the large arteries (141) , and its most prominent features are the accumulation of subendothelial deposits of lipids, fibrous material, and cell debris. The accumulating cells are either macrophages or smooth muscle cells. These cells take up cholesterol and other lipids, which form lipid droplets, eventually filling the cell. This accumulation gives them a foamy appearance and hence the name foam cells. Alarge number of risk factors, both genetic and environmental, have been described during the last half century. In addition to molecular epidemiological approaches to identify genes that determine atherosclerosis susceptibility, differential gene expression analysis at different stages of human and animal atherosclerosis progression and in different regions of the vasculature will provide an important insight into the development of this disorder (142) . High throughput screening combined with bioinformatical analysis has played a role in the identification of a second angiotensin-converting enzyme gene (ACE2), whose protein product is not inhibited by lisinopril or captopril (143) . ACE2 is predominantly expressed in the endothelium and in the renal epithelium, and it might be an important new cardiovascular target.
DNA microarrys have also been applied to gene expression in single endothelial cells, providing insight into cell-to-cell genomic variation (144) . Smad7, which inhibits the formation of transforming growth factor-β-dependent Smad2/Smad4 complexes (145) (145) , represents a potential new endothelial target for preventing atherosclerosis. As microarray technology and data analysis/mining capabilities constantly improve, it can be foreseen that microarrays will complement currently used methods in diagnosis, prognostic prediction, and therapeutic decision making in the future. 
